Background The objective was to investigate the impact of targeting tight glycemic control (4.4-6.1 mM) on endogenous ketogenesis in severely head-injured adults. Methods The data were prospectively collected during a randomized, within-patient crossover study comparing tight to loose glycemic control, defined as 6.7-8.3 mM. Blood was collected periodically during both tight and loose glycemic control epochs. Post hoc analysis of insulin dose and total nutritional provision was performed. Results Fifteen patients completed the crossover study. Total ketones were increased 81 lM ([38 135], p < 0.001) when blood glucose was targeted to tight (4.4-6.1 mM) compared with loose glycemic control (6.7-8.3 mM), corresponding to a 60 % increase. There was a significant decrease in total nutritional provisions (p = 0.006) and a significant increase in insulin dose (p = 0.008). Conclusions Permissive underfeeding was tolerated when targeting tight glycemic control, but total nutritional support is an important factor when treating hyperglycemia.
Introduction
High admission glucose readings as well as persistent hyperglycemia have been correlated to poor neurologic outcomes following traumatic brain injury (TBI) [1, 2] resulting from the toxic effects of high glucose on cells. Intensive insulin therapy (IIT) to keep glucose at normoglycemic levels was shown to improve mortality and infections in ICU patients and was attributed to avoiding hyperglycemic episodes better than conventional insulin therapy [3, 4] . Further studies, which suggested targeting tight glycemic control with IIT (4.4-6.1 mM), resulted in unacceptable risks of hypoglycemic episodes for routine ICU application [5, 6] . Following TBI, cerebral glucose uptake was shown to be impaired at normoglycemic levels when concomitant with cerebral metabolic crisis [7] . Altogether, cerebral metabolic dysfunction acutely following TBI is not an issue of glucose supply to cerebral tissue, yet tight glycemic control was repeatedly associated with cerebral metabolic distress [8, 9] .
The consensus on glycemic control acutely following TBI is to avoid hypoglycemic episodes (blood glucose <3.9 mM) and hyperglycemic episodes (>11.1 mM) as standard of care [10] [11] [12] . The focus of research on tight glycemic control has been IIT, but less widely discussed is the role of nutrition in these studies. TBI patients are commonly hyperglycemic yet undernourished. This led us to question the balance between nutritional provisions and insulin infusion in a within-patient randomized crossover trial of tight versus loose glycemic control [9] . We performed a post hoc analysis of total nutritional provisions and insulin dose in fifteen adult TBI patients.
Because there is evidence of hypocaloric supplementation in ICU studies, we were also interested in knowing whether reduced cerebral glucose uptake could be augmented by the ketone bodies, acetoacetate (AcAc) and b-hydroxybutyrate (BHB). Ketone bodies are important cerebral fuels during fasting, are generated through lipid catabolism, and can be metabolized by the brain to sustain cerebral tissue through periods of low glucose. In animal models of TBI, ketones have been shown to generate cytosolic acetyl-CoA [13] , increase mitochondrial oxidative phosphorylation in contusional tissue [14] , and prevent oxidative stress-mediated mitochondrial dysfunction [15] .
We set out to study the influence of glycemic control on endogenous ketogenesis. Following consent, patients were randomly assigned to target tight glycemic control (4.4-6.1 mM) or loose glycemic control (6.7-8.3 mM) for 24 h, at which point the glycemic target would switch to the other range for 24 h to complete the randomized within-patient controlled study. We collected blood from severe TBI patients during both glycemic control epochs and quantified arterial ketone concentrations, and modeled the ketone concentrations with linear mixed-effects models using time since injury, insulin dose, and nutritional provisions as predictors in the model. Our hypothesis is tight glycemic control enhances ketogenesis that leads to increased serum levels of ketones.
Materials and Methods

Cohort Criteria
Fifteen patients, consented to the University of California at Los Angeles (UCLA) Brain Injury Research Center (BIRC) study of moderate to severe head injuries and approved by the UCLA Medical Institutional Review Board for human research, were included. Eligible patients for UCLA BIRC studies include all mechanically ventilated head-injured patients, aged 16 years and older, admitted to the UCLA Medical Center within 24 h of injury. Eligible patients have admission Glasgow Coma Scale (GCS) scores B8 or, if higher, deteriorate to B8 prior to emergency department discharge or present with positive gross CT findings. Exclusion criteria include preexisting neurologic illness, prior head injuries, and any history of diabetes mellitus. Details of the patient cohort are presented in Table 1 .
The general management protocol of TBI patients includes maintenance of ICP < 20 mmHg and CPP > 60 mmHg [16] . Patients were initially treated with a standard approach to control blood glucose, including subcutaneous regular insulin (Humulin; Eli Lilly, Indianapolis, IN) for admission blood glucose above 8.3 mM and a standard insulin sliding scale protocol to keep blood glucose between 5.6 and 8.3 mM. Nutritive support was begun by enteral feeding routes as soon as possible. Enteral nutrition (Osmolite 1.2, Abbott Nutrition) was provided via nasogastric tube with feedings adjusted for caloric goals individually, targeting 25-30 kcal/kg with 1.3-1.5 g protein / kg within a 24-h period. Eight of 15 patients were monitored with cerebral microdialysis at the time of biofluid collection, as previously described [17] using the CMA70 probe (10-cm flexible shaft, 10-mm membrane length, 20-kD cutoff, CMA, Stockholm, Sweden).
Study Design
Following consent, patients were randomly assigned to target tight or loose glycemic control first, switching to the other arm after 24 h. Fifteen patients completed the crossover (Table 1) . Tight glycemic control was achieved by an intensive insulin infusion protocol to target blood glucose concentrations of 4.4-6.1 mM, which is a normal glucose concentration in a healthy, fasted adult. Serial blood glucose measurements were obtained with a pointof-care testing device (Accucheck) hourly to titrate insulin infusion rate. Loose glycemic control, defined here as targeting blood glucose to 6.7-8.3 mM [8] , was achieved by reducing insulin administration, either lowering insulin infusion rate or switching to a sliding scale protocol, and/or supplemental intravenous dextrose administration.
At scheduled times during the glycemic control epoch, blood was drawn for nuclear magnetic resonance (NMR) spectroscopy analysis subject to constraints including catheter removal or declining health status. Blood was collected in heparin-coated tubes and placed on ice. After centrifugation, samples were stored at -80°C until the a Three subjects lost to follow up time of analysis. In addition to the hourly blood samples required for point-of-care glucose testing, blood was drawn during both glycemic control epoch for hospital laboratory blood gas analysis. Nutritional therapy, intravenous medications prepared in dextrose solutions, and propofol were documented and included to quantify the total daily caloric provision. Medication information, nutritional support, bedside glucose readings (point-of-care [POC] glucose), insulin dose, and clinical blood gas laboratory results were obtained from the UCLA BIRC database. Nutritional provision at the time of blood draw is defined as the total kilocalories delivered in the preceding 24 h by both enteral and parenteral means. Enteral nutrition provision at the time of blood draw accounts only for kilocalories delivered enterally in the last 24 h. Both metrics are presented in units of kilocalories per kilogram per day. Average insulin dose is defined as the total insulin units (IU) infused in the preceding 24 h, presented in units of IU/h [4] . Mean amplitude glycemic excursions (MAGE) were determined for each glycemic control assignment epoch [18, 19] and were calculated with the following equation: P k/n, where k > r and r is the standard deviation of all n glucose measurements within a 24-h period.
Ketone Measurements
Ketone concentrations were determined by 1 H NMR spectroscopy. The NMR sample preparation protocol for plasma was developed from the methods described by Gowda et al. [20] . Following solvent removal, plasma samples were reconstituted in 650 lL of 0.1 M phosphate buffered solution in deuterium oxide at pH 7.4, prepared with 0.1 mM 13 C-labeled sodium formate (isotopic enrichment 99 %, Cambridge Isotope Laboratories, Andover, MA, USA) as an NMR internal standard.
All NMR spectra were collected using standard Bruker cpmgpr1d pulse program on a Bruker AVANCE 600 MHz NMR Spectrometer equipped with an inverse broadband probe (parameter settings NS 32, SW 8 kHz, RG 128, O1 4.70 ppm, D1 5 s, 90°pulse 13 ls, and a 200 ms CPMG decay period). Processed spectra were imported into R, version 3.1.3 [21] , using the rNMR package (rNMR version 1.1.8) [22] . Ketones of interest were quantified by integration of a particular chemical shift range [23, 24] . We normalized plasma metabolite concentrations by the glucose concentrations determined with the Analox glucose analyzer (Analox GM7, Analox Instruments, London, UK) similar to the method described by Rasmussen et al. [25] . There was a strong correlation between linearly interpolated POC glucose at the time of blood draw and glucose concentrations measured with a laboratory benchtop analyzer at the time of NMR analysis (r pb = 0.89, [0.83 0.93], p < 0.001).
Statistical Analysis
Due to non-normalities in data distributions, we used robust statistical analytic methods [26] . Cohort statistics are presented with Harrell-Davis estimates of medians and interquartile ranges (IQR). To summarize characteristics of the glycemic control assignment epochs, we use 20 % trimmed means and the dependent Yuen test. Correlation coefficients are a robust analog of Pearson's correlation, the percentage bend correlation (r pb ), followed by the 95 % confidence interval and p value. The Williams test was used to test the significance of the difference between two correlations, as implemented in the r.test() function from the R package psych [27] .
Due to the repeated measures design and unbalanced number of ketone measurements between epochs, we used mixed effects models as implemented in the R package nlme [28, 29] . To predict arterial ketone concentrations, we began with a full candidate mixed effects model including post-injury day (PID = post-injury hour/24), average insulin dose, total nutritional provision, glycemic control assignment, and all possible interactions. The random effect included was subject. Inclusion of random slopes in the full candidate model was rejected because there was no improvement to the fit. We modeled the logarithmic transform of arterial ketone concentration to control heteroscedasticity. The best approximating model ( Table 2 ) was selected by multimodel inference using R package MuMIn, an information-theoretic approach, such that inferences about model precision are made across the entire set of models with the Akaike information criteria (AIC) [30, 31] . Model results are back-transformed into units of lM.
Results
Glycemic Control Epoch Characterization
There was no difference in the average PID of the initiation of the tight and loose glycemic control studies nor in the duration of the glycemic control epochs (Table 3) . No periods of hypoglycemia were observed during the loose glycemic control epochs. Five patients experienced periods of hypoglycemia, defined as POC glucose below 3.9 mM, ranging from 2 to 13 % of the assigned tight glycemic control epoch. Average POC blood glucose readings were significantly lower when patients were assigned to tight glycemic control. There was no difference between the average MAGE values (p = 0.90). No seizures were observed during any glycemic control epoch.
We compared nutritional and insulin therapy during tight and loose glycemic conditions to assess the characteristics of glycemic control. On average, patients received nutritional therapy at a reduced rate under tight glycemic control. The total nutritional provision was decreased 8.3 kcal/kg ([3.0 13.6], p = 0.006) from loose to tight glycemic control (Fig. 1a) . Enteral nutritional provision was decreased 5.5 kcal/kg ([-0.5 11.4], p = 0.066) under tight glycemic control (Fig. 1b) . Nonenteral nutrition calories include propofol and dextrose-containing medications, and there is a great deal of variability between patients. Insulin infusions were ordered for all patients under tight glycemic control. Nine of 15 patients also received insulin infusions under loose glycemic control. Average insulin dose was significantly higher under tight glycemic control, increasing 1.3 IU/h ([0.4 2.1], p = 0.008) (Fig. 1c) .
Blood Plasma Ketones
The correlation between arterial BHB and AcAc was significantly larger (p < 0. There were no significant correlations between arterial glucose, insulin dose, and nutrition provision within the full data set or within the tight and loose control subsets. There was no discernable change between arterial and jugular venous concentrations of BHB or AcAc, and arterial and jugular concentrations were strongly correlated (r pb = 0.98 [0.97 0.99], p < 0.001).
Arterial ketone concentrations were modeled as the logtransform of total ketone, the sum of BHB and AcAc, concentrations quantified with NMR spectroscopy. The mixed effects model results presented in Table 2 reveal arterial total ketone concentrations increased, on average, 81 lM ([38 135], p < 0.001) between loose and tight glycemic control. Increased total nutritional provision significantly decreased arterial ketones 4 lM ([1 7] , p < 0.001) for a 1 kcal/kg increase in nutritional provision. To put this in context, assuming glycemic control, insulin, and PID are constant, arterial ketones would decrease approximately 25 lM for a 6.2 kcal/kg increase in total nutritional provision, the average change in total nutritional provisions described above (Fig. 1a) .
Interaction terms in the best approximating model revealed that the ketogenic response associated with tight glycemic control was muted over time. Average insulin dose and PID had nonsignificant effects as individual 
Microdialysis
Previous research showed tight glycemic control was associated with critically low microdialysis glucose values. For eight patients monitored with microdialysis, tight glycemic control was associated with a significant decrease in all cerebral microdialysis (CMD) metabolites (Table 4) 
Discussion
Tight glycemic control enhanced ketogenesis in the severely head-injured cohort included in this randomized, withinpatient crossover study. Post hoc analysis shows a significant decrease in total nutritional provisions and a significant increase in insulin dose during tight glycemic control compared with loose glycemic control. Holding insulin, nutrition, and PID constant, total arterial ketone concentrations increased 81 lM ([38 135], p < 0.001) when blood glucose was targeted to tight (4.4-6.1 mM) compared with loose glycemic control (6.7-8.3 mM). These results show that adult TBI patients have the ability to produce ketones even when receiving caloric supplementation.
As the brain recovers from injury, cerebral energy demands are high at the same time that cerebral glucose metabolism is depressed and systemic metabolism is elevated. The healthy brain supplements its primary energy substrate, glucose, with lactate and ketones under various conditions [32] [33] [34] [35] [36] . Following TBI, ketones may be an efficient way to fuel the recovery process. Prins et al. studied cerebral ketone metabolism and showed exogenous infusion of BHB resulted in cerebral BHB oxidation [13] . Both juvenile and adult head-injured rats were found to have increased monocarboxylate transport (MCT) protein expression compared with controls [37] , and the ketogenic diet was shown to prevent mitochondrial dysfunction [15] . In both healthy and critically ill adults, cerebral ketone uptake increases as arterial ketone concentrations increase [38, 39] ; but augmentation of ketones does not necessarily increase cerebral ketone flux in ICU patients [40] . A limitation of this observational study is we were unable to measure cerebral ketone flux. Further research using isotope-based tracer infusion studies is required to determine whether the endogenous circulating arterial ketones observed in this cohort are being oxidized by the injured brain. The patients included in this study reached total ketone levels expected in a healthy adult after a moderate fast (>24 h) even when receiving continuous nutritional support. Our data suggest a varied level of ketogenesis during critical care that is not simply the result of starvation, insulin resistance, or hypoglycemia. Limitations of this study include the lack of a washout period between study days and the collection of blood samples to measure ketones at irregular times within the glycemic control epochs.
Tight glycemic control was associated with significant decreases in all CMD metabolites measured (Table 4 ). In general, low CMD glucose can be associated with poor outcomes, particularly when CMD lactate:pyruvate ratio (LPR) is high [8, 9, 16] . For the eight patients monitored with CMD included in this cohort, the corrected estimates of CMD metabolites and microdialysis marker burdens during tight and loose glycemic control are consistent with the results presented by Vespa et al. [9] . If the injured brain supplements cerebral energy production with ketone oxidation in response to increased plasma ketone levels, this could support the recovering cerebral tissue when glucose metabolism is dysfunctional or glucose availability is reduced, a risk associated with IIT targeting normoglycemia. There is high variability in plasma ketones and, in light of a reduced ketogenic response in some patients, a prospectively designed study will be necessary to fully assess the relationship between ketones, cerebral oxidation of this supplemental substrate, and energy crisis.
Knowing that controlling blood glucose in the Neuro ICU improves outcomes, understanding the relationship between the systemic responses to dysfunctional cerebral glucose metabolism after trauma could reveal potential therapeutics. Endogenous ketogenesis was reported in severely head-injured adults studying the impact of providing glucose acutely [41, 42] . Our study shows that endogenous ketogenesis can occur when receiving standard enteral nutrition combined with intravenous insulin infusion. The reality in intensive care is that nutritional targets are routinely missed, glycemic control guidelines remain inconclusive, and clinical trials have not been able to decisively answer these questions [3, 6, 43, 44] . The increase in endogenous ketogenesis was concurrent with reduced caloric intake and increased insulin dose under tight glycemic control. This confounding limits our conclusions but, as the only example of a within-patient comparison of tight and loose glycemic control protocols, could have serious implications for future research on IIT in TBI patients and all critically ill patients. The benefits of tight glycemic control are likely moderated by glycemic variability, time since injury, and the patient's tolerance of enteral nutrition. Patient-tailored nutritional support, glycemic control, and insulin therapy primarily relies on monitoring blood glucose and assumptions about systemic resting metabolic rates based on the sex, age, height, and weight of healthy adults. The presence of increased endogenous ketogenesis under tight glycemic control shows the body responds by supplementing glucose with other cerebral energy sources. Exogenous infusion of supplemental substrates may be a key component of a potentially powerful therapy to support systemic and cerebral recovery in addition to glucose.
Conclusions
Ketogenesis was significantly increased in adult TBI patients when assigned to tight glycemic control, targeting 4.4-6.1 mM by intensive insulin therapy, compared to loose glycemic control, targeting 6.7-8.3 mM by reduced insulin infusion. Post hoc analysis revealed there was a significant decrease in total nutritional provision under tight glycemic control. Tight glycemic control was associated with a 60 % increase in total ketone concentration, increasing 81 lM from loose to tight glycemic control. A prospectively designed study will be necessary to fully assess the relationship between ketones, cerebral oxidation of this supplemental substrate, and energy crisis.
